The size and activity of the shoot apical meristem is regulated by transcription factors and low molecular mass signals, including the plant hormone cytokinin. The cytokinin status of the meristem depends on different factors, including metabolic degradation of the hormone, which is catalyzed by cytokinin oxidase/dehydrogenase (CKX) enzymes. Here, we show that CKX3 and CKX5 regulate the activity of the reproductive meristems of Arabidopsis thaliana. CKX3 is expressed in the central WUSCHEL (WUS) domain, while CKX5 shows a broader meristematic expression. ckx3 ckx5 double mutants form larger inflorescence and floral meristems. An increased size of the WUS domain and enhanced primordia formation indicate a dual function for cytokinin in defining the stem cell niche and delaying cellular differentiation. Consistent with this, mutation of a negative regulator gene of cytokinin signaling, ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6, which is expressed at the meristem flanks, caused a further delay of differentiation. Terminal cellular differentiation was also retarded in ckx3 ckx5 flowers, which formed more cells and became larger, corroborating the role of cytokinin in regulating flower organ size. Furthermore, higher activity of the ckx3 ckx5 placenta tissue established supernumerary ovules leading to an increased seed set per silique. Together, the results underpin the important role of cytokinin in reproductive development. The increased cytokinin content caused an ;55% increase in seed yield, highlighting the relevance of sink strength as a yield factor.
INTRODUCTION
Plants grow and form new organs throughout their life cycle. Shoot organs are derived from the growing tip, the shoot apical meristem (SAM) (Steeves and Sussex, 1989) . The vegetative SAM forms new leaves, whereas the reproductive SAM, called the inflorescence meristem, produces flowers that form seeds after fertilization. The activity of the SAM is regulated by many factors, including transcriptional regulators, receptor kinases, and plant hormones (Tucker and Laux, 2007; Veit, 2009) . Among the hormones, cytokinin has a central function. Metabolism and signal transduction of cytokinin has been elucidated during recent years (Sakakibara, 2006; Werner and Schmü lling, 2009) . Experimental reduction of the cytokinin status, which has been achieved either by lowering the cytokinin content or by reducing cytokinin signaling, abbreviates the activity of the SAM, demonstrating that cytokinin is a positive regulator of SAM activity (Werner et al., 2001 (Werner et al., , 2003 Higuchi et al., 2004; Nishimura et al., 2004; Riefler et al., 2006; Heyl et al., 2008) . In rice (Oryza sativa), disruption of an enzymatic activation step of cytokinin by the log mutation caused the arrest of SAM activity (Kurakawa et al., 2007) . By contrast, increased cytokinin production is associated with the formation of larger vegetative meristems (Chaudhury et al., 1993; Rupp et al., 1999) . Similarly, mutation of a cytokinin signaling gene in the aberrant phyllotaxy 1 (abph1) maize (Zea mays) mutant increased meristem size (Giulini et al., 2004) . ABPH1 encodes an A-type response regulator and thus is expected to play a role in negative regulation of cytokinin responses. The cytokinin pathway is linked to transcriptional factors regulating SAM activity through reciprocal interactions involving suppression and enhancement of gene expression (Jasinski et al., 2005; Leibfried et al., 2005; Yanai et al., 2005) .
The activity of the reproductive SAM is one parameter determining seed yield. Yield is the most important trait in plant breeding, and yield enhancement is required to meet increasing food demand. In addition, there is an increasing demand for plant-derived products for non-food purposes, such as energy production. Thus, yield enhancement is a central issue on the global agricultural agenda. Yield is a complex trait that is governed by many genes (quantitative trait loci), each contributing only a small portion to the total yield. Consequently, it is difficult to achieve large increases in seed yield by altering single or only a few genes. On average, the yearly increases achieved by classical breeding approaches in crop plants are in the range of 1 to 2% per year (Aizen et al., 2008) .
The breakdown of cytokinin is catalyzed by cytokinin oxidases/dehydrogenases (CKXs). Recently it was shown that the Gn1a locus of rice, which makes a major contribution to the regulation of grain yield, carries a mutation in the promoter region of the Os-CKX2 gene (Ashikari et al., 2005) . This mutation caused a decreased expression of Os-CKX2 in the inflorescence meristem, leading to increased cytokinin content and the formation of more reproductive organs. The dicotyledonous model plant Arabidopsis thaliana codes for seven CKX enzymes, which differ in their expression domains, subcellular localization, and biochemical characteristics (Werner et al., 2003; Galuszka et al., 2007) . Here, it is shown that in Arabidopsis, the simultaneous mutation of two CKX genes delays the differentiation of cells in the reproductive meristems, thereby causing the formation of more and larger flowers forming more seeds. Moreover, a previously undiscovered function of cytokinin in regulating the activity of the ovule-forming placenta tissue was revealed. Together, these findings lend support for a central function of cytokinin in regulating the growth of reproductive meristems and organs and pinpoint the relevance of sink strength as a factor determining yield.
RESULTS

Insertional Mutants of CKX Genes
To study the functions of individual CKX genes, T-DNA insertion alleles of five of the seven CKX genes were identified by screening different insertional populations, and homozygote lines were established (Figure 1 ). Arabidopsis plants harboring T-DNA insertions in single CKX genes showed no gross morphological changes. However, various double mutants, which all included the ckx3-1 allele, formed more flowers, indicating a more active inflorescence meristem. The activity was strongest when a ckx5 insertion allele was combined with a mutated CKX3 gene. Therefore, further work was focused on this mutant combination. All reported results were obtained with the allele combination ckx3-1 ckx5-1 (named ckx3 ckx5) and were confirmed in the ckx3-1 ckx5-2 double mutant. RT-PCR analysis showed that the T-DNA insertions in the ckx3-1, ckx5-1, and ckx5-2 mutants completely abolished the expression of the respective gene (Figure 1 ). Because only a single ckx3 mutant allele was available, we further tested the role of CKX3 loss of function by transformation of the ckx3 ckx5 double mutant with the wild-type CKX3 gene. Supplemental Figure 1 online shows that the inflorescences of independent transformants resembled wild-type inflorescences. Together, this proves that the mutant phenotype is caused by mutation of CKX3 and CKX5.
CKX Genes Regulate Inflorescence Meristem Activity
Flowers are continuously formed by the indeterminate inflorescence meristem. The ckx3 ckx5 mutant produced significantly more flowers than the wild type and each of the parental lines (Figures 2A to 2C and 3A) . Wild-type inflorescences carried, on the average, eight flowers of stage 13-16 (Smyth et al., 1990) , whereas ckx3 ckx5 mutants carried 11 flowers of that stage, with longer pedicels ( Figure 2C ). Scanning electron microscopy analysis revealed the formation of a larger inflorescence meristem in the ckx3 ckx5 mutant compared with the wild type ( Figures 2D to  2G ). The outer cell layer of mutant meristems had smaller cells (48.3 6 3.2 cells per 500 mm 2 compared with 30.0 6 7.1 per 500 mm 2 in the wild type; n = 3; P < 0.05, Student's t test) (Figures 2I and 2J) , indicating that an increased number of meristematic cells, and not cell size, was the cause of the increase in meristem size. The mean number of floral primordia of stage 2-6 (Smyth et al., 1990) produced by wild-type and ckx5 inflorescence meristems was 9, whereas a ckx3 inflorescence meristem produced, on average, 12, and a ckx3 ckx5 inflorescence meristem produced 14 stage 2-6 flower primordia ( Figures 2D to 2G ). By contrast, plants overexpressing a CKX gene showed a drastically diminished inflorescence meristem and the production of only two stage 2-6 flowers ( Figure 2H ). These data show that the CKX3 and CKX5 genes are negative regulators of inflorescence meristem size and activity.
ckx3 ckx5 Mutants Form More Siliques
The larger number of flowers formed by the inflorescence meristem would eventually lead to a larger number of siliques. The number of siliques of the main stem after formation of the last flower was compared. The single mutants ckx3 and ckx5 produced about as many siliques as wild-type plants. Mutants 
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The Plant Cell harboring insertions in the CKX2, CKX4, CKX5, or CKX6 genes, as well as various combinations thereof, did not show enhanced numbers of siliques ( Figure 3A ). However, combination of a ckx3 mutant allele with ckx2, ckx4, ckx5, or ckx6 significantly increased the formation of siliques. The ckx3 ckx5 double mutant showed the largest increase, generating ;40% more siliques than did the wild type. More flowers were formed per time unit ( Figure 3B ), indicating a shorter floral plastochron. It is noteworthy that the length of the reproductive phase in ckx3 ckx5 plants was not altered. In the later stages of development, mutant plants often showed an irregular pattern of siliques along the stem, indicating that the larger meristem size interfered with positional signals regulating the spacing and/or timing of primordium initiation ( Figure 3C ). ckx3 ckx5 mutants formed a stronger stem, which had about a 15% larger diameter compared with the wild type ( Figure 4 ). This difference is most likely due to increased cambial activity, which is known to be affected by cytokinin (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008) .
Cytokinin Content in ckx3 ckx5 Mutants
The cytokinin profile of ckx3 ckx5 mutant inflorescences was compared with that of wild-type inflorescences. 
Flower Development of ckx3 ckx5 Mutants
Development of ckx3 ckx5 mutant flowers also differed from the wild type. Figure 5A shows that flowers of ckx3 ckx5 mutants were significantly larger compared with wild-type flowers and flowers of single mutants. The petal surface increased by ;40% ( Figure 5B), which was due to a larger cell number ( Figure 5C ). Growth of ckx3 ckx5 gynoecia, in particular, was enhanced and their final size was strongly increased ( Figure 5D ). The increase in stamen size of ckx3 ckx5 mutants was less pronounced, causing reduced self-pollination of mutant flowers. With low frequency (;10 to 15%), flowers showed other morphological abnormalities to a varying degree (e.g., an altered number of floral organs) 
ckx3 ckx5 Mutants Form More Seeds
Inspection of ckx3 ckx5 mutant gynoecia revealed that they contained almost twice as many ovules as wild-type gynoecia did ( Figure 5G ), indicating an enhanced activity of the mutant placenta tissue ( Figure 5F ). The mutant gynoecia were densely filled, and some ovules were differently shaped, probably due to spatial constraints (see Supplemental Figure 2 online). The ckx3 and ckx5 parents also showed an increased number of ovules per gynoecium, with a stronger effect in ckx3 ( Figure 5G ). To test whether the increased ovule number together with the larger flower number would lead to the formation of more seeds, ckx3 ckx5 mutants were grown in a growth chamber, which facilitated self-pollination. Siliques of ckx3 ckx5 mutants were longer than in the wild type (20 mm compared with 17 mm) and contained up to 110 seeds, compared with an average of 65 seeds in wild-type siliques, due to more densely packed seeds. The total seed yield of ckx3 ckx5 mutants increased by 55% compared with the wild type ( Figure 5H ).
CKX3 and CKX5 Expression Pattern during Inflorescence Development
CKX3 transcripts were detected in the center of the inflorescence meristem and in the floral meristems of stage 2 to stage 5 flowers ( Figures 6A to 6D ). This coincides with the expression of WUSCHEL (WUS) (Figures 6E and 6F) . However, CKX3 expression appeared later in flower development than that of WUS, which is seen already in stage 1 flowers (Mayer et al., 1998) , and its expression domain became less defined, appearing in stage 5 mainly in the region between long stamen primordia and gynoecia primordia ( Figure 6D ) and disappearing thereafter. CKX5 expression was strong in the procambium of the inflorescence stems and flowers (Figures 6G to 6I) . Weaker CKX5 expression was also detected in the inflorescence and floral meristems. In developing flowers, CKX5 transcripts were detected in stamen and gynoecia primordia during different developmental stages ( Figures 6J and 6K ). During gynoecia development, CKX5 RNA accumulated in the medial cells of the cylinder where the two main vascular bundles begin to differentiate at stage 7 ( Figure 6L ) (Ferrá ndiz et al., 1999) . At stage 8, the transcripts accumulated specifically at the flanks of the medial ridges marking the developing placentas, and they were detected in the initiated ovule primordia during stage 9 ( Figures 6M and 6N ). During ovule differentiation at stage 10-12, CKX5 was expressed in the cells of the chalazal region directly adjacent to the nucellus but not in the differentiating integuments ( Figure 6O ). (A) The inflorescence stem of ckx3 ckx5 mutants (right) is thicker than in the wild type (WT). The insets show a close-up of the inflorescence stems.
(B) and (C) Hand-cut transverse sections of the inflorescence stem of the wild type (B) and the ckx3 ckx5 mutant (C) stained with toluidine blue. Sections were made at the base of the stem of 5-week-old plants.
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CKX Genes Regulate the Expression Domain of WUS
The WUS/CLAVATA (CLV) pathway regulates SAM size, and the domain of WUS expression becomes larger in mutants with a larger meristem (Carles et al., 2004) . To study whether this central regulatory module was affected by the ckx3 ckx5 mutations or whether meristem enlargement occurred independently, the WUS expression domain was analyzed by in situ hybridization. Figure 7 shows that the WUS domain marking the organizing center of the SAM was enlarged in ckx3 ckx5 mutants, suggesting that the cytokinin status regulates the size of the WUS expression domain and, eventually, the WUS expression level.
Mutation of AHP6 Causes a Higher Activity of the Inflorescence Meristem
Next, we investigated whether other components of the cytokinin system exert an additive negative regulatory activity in the inflorescence meristem. To this end, the ahp6 mutation was introgressed into the ckx3 ckx5 mutant background. ARABI-DOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6) encodes a pseudo-phosphotransfer protein that has been shown to act as an inhibitor of cytokinin signaling during formation of root vascular tissue (Mä hö nen et al., 2006) . However, its regulatory activity in other developmental programs is unknown. In situ hybridization revealed expression of AHP6 in the inflorescence meristem at the position where the next flower primordium will arise (stage P0) and in early stage 1 primordium, in floral organ primordia of stage 3 flowers, and in the distal part of developing gynoecia in stage 6 flowers ( Figures 8A to 8C ). Analysis of mutants harboring the ahp6-1 or ahp6-3 null alleles (Mä hö nen et al., 2006) showed that the size of the inflorescence meristem was only marginally increased (similar results were obtained for both ahp6 mutant alleles). However, the combination of ahp6 with ckx3 and, in particular, ckx3 ckx5 increased further the size of the inflorescence meristems and formation of flower primordia ( Figures 8D to 8I ). At the end of their life cycle, ckx3 ckx5 ahp6 triple mutants had 23% more siliques on the main stem compared with ckx3 ckx5 and 47% more compared with the wild type ( Figure 8J ). These results clearly show that AHP6 negatively regulates the activity of the inflorescence meristem depending on the cytokinin status. By contrast, flower size and the number of ovules per gynoecium was similar in the ckx3 ckx5 and ckx3 ckx5 ahp6 mutants ( Figure 8K ), indicating that AHP6 may not be involved in regulating flower size and the activity of the placenta.
DISCUSSION
Several activities of cytokinin and in particular of CKX3 and CKX5 in regulating organ size were revealed in this study. First, the size of the reproductive meristems of Arabidopsis was promoted by cytokinin. An increase of endogenous cytokinins in inflorescences caused the formation of larger inflorescence meristems capable of initiating more flower primordia. The larger number of meristematic cells indicates that cytokinin delays the developmental switch that causes cells to exit from their meristematic cell cycle activity. Second, the enhanced cytokinin content increased the cell number and, thus, the size of floral organs and particularly of the ovule-bearing gynoecia. Third, the capacity of the placenta tissue to initiate ovule primordia was enhanced, resulting in a higher density of ovules and seeds within the carpels. Together, these changes led to an increase in seed yield of ;55%. An even higher increase could potentially be achieved but was probably restricted by a heterostylous phenotype that reduced self-fertilization.
Cytokinin Regulates the Activity of the Reproductive SAM by Distinct Mechanisms
It was found that CKX3 and other CKX genes regulate the size of the reproductive SAM in a partially redundant fashion. The CKX3 expression domain was similar to that of WUS in inflorescence and floral meristems, although in the latter its expression appeared later and ceased earlier than that of WUS. Therefore, CKX3 may be part of the circuitry regulating the cytokinin status and, thus, the size of the WUS domain. Indeed, it was shown recently that cytokinin acts as a positional cue for patterning WUS expression in both a CLV1-dependent and CLV1-independent fashion (Gordon et al., 2009) . WUS, in turn, directly represses the expression of several A-type response regulator (ARR) genes that code for feedback repressors of the cytokinin signaling pathway and, thus, increases the cytokinin status in the organizing center (Leibfried et al., 2005; Zhao et al., 2010) . Furthermore, cytokinin downregulates the expression of the CLV1 gene, which functions to restrict the WUS domain (Brand et al., 2000; Schoof et al., 2000; Lindsay et al., 2006; Gordon et al., 2009 ). Together, this indicates that the cytokinin status of the organizing center is relevant for determining the size of the stem cell niche and of the meristem. However, mutation of CKX3 alone was not sufficient to increase strongly meristem size, and CKX5 was expressed more broadly in the meristem. Thus, the cytokinin status outside of the central domain might be relevant as well, and another aspect of cytokinin activity in the SAM may operate independently of the WUS pathway. An essential transcription factor for SAM function, STM, which is required for cell division in the peripheral zone and to maintain meristem cells in the undifferentiated state (Endrizzi et al., 1996; Long et al., 1996) , induces cytokinin-synthesizing IPT genes (Jasinski et al., 2005; Yanai et al., 2005) and is itself subject to regulation by cytokinin (Rupp et al., 1999 ). An enhanced cytokinin status of the SAM as a consequence of CKX gene mutation may enhance STM expression and thus increase meristem activity. The links between cytokinin and the network of transcription factors and receptor kinases regulating SAM identity and size are summarized in a model shown in Figure 9 . Enlargement of the SAM may be the result of different causes. It may be due to a disturbed transition of cells from the central zone to the periphery or due to an accumulation of cells at the periphery (Laufs et al., 1998) . Thus, it could be that cytokinin Schneitz et al. (1995) . Bars = 10 mm. (G) Number of ovules per gynoeceum (n = 12). (H) Seed yield of the wild type and ckx3 ckx5 under growth chamber conditions (n = 30). Data represents mean value 6 SD. *P < 0.01, calculated by Student's t test.
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The Plant Cell operates through different pathways to regulate SAM size. It is tempting to speculate that ckx3 loss-of-function causes an enhanced cytokinin concentration in the central zone and alters a morphogenic gradient that decreases toward the flanks of the meristem and regulates organ initiation and/or the establishment of organ boundary domains. Interestingly, the highest expression of CKX5 was found in the procambial cells, suggesting that it also has, beside its possible role in regulating vascular differentiation (Mä hö nen et al., 2000) , the function of restricting cytokinin flow derived from the vasculature. Together, cytokinin gradients in the SAM could provide positional information regulating cell differentiation. Consistent with a role for cytokinin at the meristem borders is the expression of AHP6 in differentiating cells at the meristem flanks and the increased inflorescence meristem size caused by ahp6 mutation in the ckx3 mutant and even more so in the ckx3 ckx5 double mutant. The slight increase of meristem size caused by the simultaneous mutation of the CKX3 and AHP6 genes, which are expressed in distinct meristematic domains, indicates the existence of a non-cell-autonomous regulation of meristem size by these genes. The consequences of ahp6 mutation were not strong and consistent in the wild type under our growth conditions, indicating that the cytokinin system is normally well buffered. Interestingly, another negative regulator of cytokinin signaling, the maize A-type response regulator-encoding ABPH1 gene, is expressed also at the site of the incipient leaf primordium at the meristem border, and its mutation causes the formation of 
RNA localization by in situ hybridization with CKX3 ([A] to [D]), WUS ([E] and [F]), and CKX5 ([G] to [O]) antisense probes hybridized to wild-type tissues.
(A) to (G) and (I) to (K) show longitudinal sections through inflorescence meristems, floral meristems, and flowers. Staging of floral meristems is according to Smyth et al. (1990) . Bars = 25 mm. (A) to (C) mRNA localization by in situ hybridization with AHP6 antisense probes hybridized to wild-type tissues. AHP6 is expressed in the inflorescence meristem at the position where the next flower primordia will arise and the youngest primordia (A). AHP6 transcripts can also be detected in floral organ primordia of stage 3 flowers (B) and in stage 6 flowers at the distal end of the developing gynoecium (C). 
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The Plant Cell larger meristems (Giulini et al., 2004) . In Arabidopsis, mutation of several A-type response regulator genes was necessary to alter SAM activity Leibfried et al., 2005) . Thus, negative regulation of cytokinin-induced expansion of the shoot meristem at the meristem borders is relevant in both monocots and dicots. The regulatory modules might have been at least partly conserved since the monocot-dicot divergence.
Cytokinin Regulates Gynoecium Size and Placenta Activity
This analysis revealed an as yet unanticipated role for cytokinin in regulating gynoecium size and the activity of the placenta. The molecular events that govern development of the placenta, which is the internal surface of the carpels giving rise to ovule primordia, and ovule formation are not well understood. Remarkably, however, the same genes, including WUS, involved in regulating SAM activity seem to play a role, suggesting the operation of related mechanisms (Skinner et al., 2004) . CKX3 and CKX5 may regulate the activity of meristematic cells in the placenta and thus influence organogenic capacity and ovule primordia formation. In particular, the distance between two ovule primordia is regulated by cytokinin. A second distinct mechanism may be relevant as well. Given that a defined number of cells in the floral meristem give rise to each carpel (Bossinger and Smyth, 1996) , CKX activity in the floral meristem may affect the population of cells that are recruited into the gynoecium primordium and thus determine the final gynoecium size. The results discussed above highlight the role of cytokinin in regulating shoot organ initiation and size. A recurrent theme is the regulation of the exit of cells from their meristematic phase. Cytokinin retards this differentiation step, resulting in an increased organ cell number. Interestingly, this activity in the shoot organs is opposite to that in the root, where cytokinin causes an earlier cellular differentiation of meristematic cells (Werner et al., 2003; Dello Ioio et al., 2007) . Obviously, the final size of plant organs is influenced by numerous factors (Bö gre et al., 2008; Krizek, 2009) , including AINTEGUMENTA, KLUH, and ARGOS, mediating auxin activity (Mizukami and Fischer, 2000; Hu et al., 2003; Anastasiou et al., 2007) , and BIG BROTHER and DA1, functioning in the ubiquitin proteasome pathway (Disch et al., 2006; Li et al., 2008) . It will be interesting to study how cytokinin is linked to these other factors regulating organ size.
Cytokinin Is an Evolutionary Conserved Yield-Regulating Factor
The results reported here extend the concept of cytokinin as a factor regulating yield, which was first noted during the analysis of the Gn1a (Os-CKX2) gene in rice (Ashikari et al., 2005) , to a dicotyledonous plant. In contrast with rice, where mutation of a single gene was sufficient for yield enhancement, mutation of two CKX genes was needed in Arabidopsis. One of these, CKX3, is the closest Arabidopsis homolog of Os-CKX2, but CKX5 is more distantly related. There are some fundamental differences between the developmental events leading to flower or spikelet formation in Arabidopsis and monocotyledonous plants such as rice. Arabidopsis produces floral meristems directly from the inflorescence meristem with indeterminate growth habit. By contrast, in rice the inflorescence (rachis) meristem forms bracts and inflorescence branches, and eventually aborts. The flowers are then formed from spikelet meristems developed from primary and secondary branch meristems, which are axillary meristems (Itoh et al., 2005 ). An additional difference is that the highest expression of Os-CKX2 was found in the vascular tissues of developing culms, suggesting that Os-CKX2 plays a role in regulating cytokinin levels in the vascular system, hence cytokinin transport to the inflorescence meristems (Ashikari et al., 2005) . By contrast, the expression of At-CKX3 in the organizing center suggests its role in meristem-autonomous modulation of the cytokinin concentration. It will be interesting to study how the expression and regulatory functions of CKX genes have been adapted during evolution to cope with the specific developmental differences between the reproductive tissues of Arabidopsis and rice. Despite these differences, the role of CKX genes in regulating seed yield has been evolutionary conserved, suggesting functional relevance for all or most flowering plants.
Importantly, yield enhancement in ckx mutants was obtained without increasing the strength of the CO 2 -fixing source but was dependent on the strength of the sink tissue (i.e., its capacity to make use of the fixed carbon). This result supports models considering the sink strength as an important factor in regulating allocation of fixed carbon (Marcelis and Heuvelink, 2007) and, more specifically, underpins the relevance of regulating the differentiation and activity of reproductive meristems as a factor determining sink strength.
The increase in seed yield obtained by ckx gene mutation is high compared with an average annual increase of 1 to 2% achieved by classical breeding strategies (Aizen et al., 2008) and may be instructive for application. Increasing plant yield is an important agronomical goal, in particular in view of the challenging future increase of demand for food and plant-derived products for industrial applications (Borlaug, 2007; Edgerton, 2009) . The findings reported here might be especially relevant to achieve yield enhancement in closely related crop species such as oilseed rape (Brassica napus), one of the most important sources of vegetable oil. However, it should be noted that crop plants have undergone selection for yield enhancement, which is Cytokinin Action in Reproductive Tissues 9 of 12 not the case in Arabidopsis. Therefore, it could be that beneficial alleles of CKX genes have already been accumulated in crop plants during the breeding process.
METHODS
Plant Material and Growth Conditions
The Columbia-0 ecotype of Arabidopsis thaliana was used as the wild type. Line 35S:CKX1 was described previously (Werner et al., 2003) . The T-DNA insertion mutants ckx2-1 (SALK_068485), ckx3-1 (SALK_050938), ckx4-1 (SALK_055204), ckx5-1 (SALK_064309), and ckx6-2 (SALK_ 070071) were from the Salk Institute Genomic Analysis Laboratory (Alonso et al., 2003) , and ckx5-2 (line ID 332B10) was from the GABI-KAT collection (Rosso et al., 2003) . The ahp6-1 and ahp6-3 mutants were described by Mä hö nen et al. (2006) . Genotyping was performed after DNA isolation by PCR with gene-specific and T-DNA border primers listed in Supplemental 
Analysis of CKX Gene Expression
Total RNA was extracted from seedlings according to Verwoerd et al. (1989) . The RNA was treated with RNase-free DNase I (Fermentas) at 378C for 30 min. One microliter of 25 mM EDTA was added at 658C for 10 min. RNA (0.5 mg) was used for RT-PCR. Primers used for the respective CKX gene are listed in Supplemental Table 1 online. All primer pairs span the respective T-DNA insertion site. In all RT-PCR reactions, the Actin2 gene was used as a control. RT-PCR was performed with the One-Step RT-PCR kit (Qiagen) according to the manufacturer's instructions. The PCR comprised 35 cycles of 30 s at 948C, 30 s at 578C, and 2 min at 728C.
Scanning Electron Microscopy
Scanning electron microscopy was performed as described (Krupková et al., 2007 ) using a LEO 430 microscope (Zeiss).
Determination of the Cytokinin Status
Plants were grown on soil until the main inflorescence was ;10 cm high (;30 d after germination). For each sample, ;0.5 g of inflorescences with stage 1 to stage 15 flowers (Smyth et al., 1990) were pooled, and five independent samples were collected and analyzed for each genotype. The cytokinin content was determined by ultraperformance liquid chromatography-electrospray tandem mass spectrometry (Nová k et al., 2008) .
Petal Surface and Cell Size Measurement
The area of petals was measured from digital images of dissected organs with the Scion Image program. Petals were cleared (Malamy and Benfey, 1997) , and average cell sizes were calculated from the number of cells per unit area of digital micrographs.
In Situ Hybridization
The CKX3 probe for in situ hybridization was amplified by RT-PCR from total mRNA of 10-d-old wild-type seedlings. RT-PCR was performed with the One-Step RT-PCR kit (Qiagen) according to the manufacturer's instructions. The CKX5 probe was amplified from the clone RAFL24-08-K03 (GenBank number AK176378.1), and the WUS probe from the cDNA clone PENTR221-AT2G17950 (GenBank number DQ446515). Primer sequences are detailed in Supplemental Table 1 online. Antisense probes were produced by in vitro transcription with digoxigenin-11-UTP using T7 RNA polymerase (Roche). In situ hybridization was performed according to standard protocols (Jackson et al., 1994) .
Light Microscopy
Gynoecia were cleared and mounted as described (Malamy and Benfey, 1997) for ovule counting and observation. Hand-cut cross sections of the base of stems from 5-week-old plants were stained for 5 min in 0.02% aqueous toluidine blue O, rinsed, and mounted in water. All samples were viewed with an Axioskop 2 plus microscope (Zeiss).
CKX3 Complementation Construct
The 35S promoter of plasmid pBinSMGFP (Werner et al., 2003) was replaced by a synthetic oligonucleotide containing EcoRI, AvrII, SmaI, and KpnI restriction sites (Werner et al., 2010) . A CKX3 genomic fragment was subcloned via KpnI/XhoI restriction sites from pBS-CKX3 (Werner et al., 2001) to generate an N-terminal fusion with green fluorescent protein (GFP). Then, a 2088-bp promoter fragment of the CKX3 gene was amplified by PCR from DNA of Arabidopsis Columbia-0 using appropriate primers (see Supplemental Table 1 online) and inserted into the AvrII/KpnI sites upstream of the CKX3-GFP fusion gene, resulting in the vector pCKX3: CKX3-GFP, which was used for transformation of the ckx3 ckx5 mutant.
Accession Numbers
Sequence data from this article can be found in the Arabidopsis Genome Initiative or GenBank/EMBL databases under the following accession numbers: CKX1 (At2g41510), CKX2 (At2g19500), CKX3 (At5g56970), CKX4 (At4g29740), CKX5 (At1g75450), CKX6 (At3g63440), and AHP6 (At1g80100).
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Supplemental Figure 1 . Complementation of the ckx3 ckx5 Mutant Phenotype by the CKX3 Gene.
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